Although catalase is a major intracellular antioxidant, the expression of the human catalase gene appears to be limited in the airway epithelium, making these cells vulnerable to oxidant stress. The basis for this limited gene expression was examined by evaluation of the expression of the endogenous gene in human bronchial epithelial cells in response to hyperoxia. Hyperoxia failed to upregulate endogenous catalase gene expression, in contrast to a marked increase in expression of the heat shock protein gene. Sequence analysis of 1.7 kb of the 5'-flanking region of the human catalase gene showed features of a "housekeeping" gene (no TATA box, high GC content, multiple CCAAT boxes, and transcription start sites). Transfection of human bronchial epithelial cells with fusion genes composed of various lengths of the catalase 5'-flanking region and luciferase as a reporter gene showed low level constitutive promoter activity that did not change after exposure to hyperoxia. Importantly, using a replication-deficient recombinant adenoviral vector containing the human catalase cDNA, levels of catalase were significantly increased in human airway epithelial cells and this was associated with increased survival of the cells when exposed to hyperoxia. These observations provide a basis for understanding the sensitivity of the human airway epithelium to oxidant stress and a strategy for protecting the epithelium from such injury. (J. Clin. Invest. 1994.93:297-302.) 
Introduction
The human airway epithelium, a surface of 1-2 M2, has the potential ofexposure to a variety of oxidants, including hyperoxia, air-borne pollutants, cigarette smoke, and products of inflammation (1) (2) (3) (4) . Like other cells, airway epithelial cells rely on antioxidant enzymes for protection against oxidant stress, including superoxide dismutase, catalase, and the glutathione system (5) (6) (7) . Catalase, a 240-kD tetrameric heme protein, plays a central role in this protective screen by virtue ofits ability to convert hydrogen peroxide (H202) to oxygen and water (8) . If the amounts of catalase are insufficient to handle the intracellular burden of H202 and other anti-H202 protective mechanisms do not compensate, H202 and its toxic derivatives are free to damage a variety of vulnerable biologic processes, eventually causing cell death (5) (6) (7) 9) .
Although the function of catalase suggests that it must be vital for the survival of the airway epithelium, it appears that the human airway epithelium has limited amounts of catalase, and does not increase the expression of catalase in response to oxidant stress. In this regard, the levels of catalase mRNA in the human airway epithelium are very low, only 1-2 copies/ cell (10) . Further, when normal humans inhale 100% 02 for > 12 h, the mRNA levels of catalase in the airway epithelium do not change, while most individuals develop early evidence of tracheobronchitis (10) .
In the context of these observations, the present study is directed toward evaluation of the regulation of catalase gene expression in human airway epithelial cells in vitro. The data demonstrate that expression of the human catalase gene is not upregulated in human airway epithelial cells in response to hyperoxia, the 5'-flanking region of the human catalase gene has characteristics ofa nonregulated "housekeeping" gene and does not respond to a hyperoxic stimulus. However, when human airway epithelial cells are infected with an adenoviral vector containing the human catalase cDNA, the level of catalase activity increases as does the survival ofthe cells in a hyperoxic environment. Together, the data support the concept that the expression of human catalase gene is insensitive to oxidant stress in human airway epithelial cells, limiting the potential of this important antioxidant in protecting the airway. However, if the catalase levels in the cells can be increased, such as by transfer ofthe catalase cDNA to the cells, catalase can function to protect airway epithelial cells from hyperoxia.
Methods
Cell cultures. BET-1A cells (gift of J. E. Lechner, National Cancer Institute, Bethesda, MD), a human bronchial epithelial cell line transformed by the SV40 virus, were cultured in serum-free LHC-9 medium with 25 gg/ml fungizone, 25 U/ml penicillin, and 25 Ag/ml streptomycin (all from Biofluid Inc., Rockville, MD) (11) . HS-24 cells, a human bronchial carcinoma cell line (provided by W. Ebert, Thoraxklinikum, Heidelberg-Rohrbach, Germany) were cultured in RPMI 1640 with 25 mM Hepes, pH 7.4, 2 mM glutamine, 100 ,g/ml gentamicin (all from GIBCO BRL, Gaithersburg, MD), and 10% fetal bovine serum (Biofluid Inc.) (12) .
To evaluate the response ofthe catalase gene to hyperoxia, the cells were grown to 95% confluence in 21% 02, and then moved to a humidified hyperoxic chamber (controlled atmosphere culture chamber; Bellco Biotechnology, Vineland, NJ) contained within a water-jacketed incubator (Forma Scientific, Marietta, OH) flushed with 95% 02/ 5% CO2 mixed gas at a flow rate to maintain a concentration of 85% 02. Temperature and the percentage of02 in the chamber were monitored throughout the study (model 600 oxygen analyzer; Engineered Systems and Designs, Newark, DE). Control cells and cells exposed to hyperoxia were harvested for analysis after 24 or 48 h.
RNA extraction and analysis. Total cellular RNA was isolated from cells under normoxia and hyperoxia by the guanidinium thiocyanatecesium chloride gradient method and evaluated by Northern analysis ( 13) . RNA (10fIg) was subjected to formaldehyde-agarose gel electro-phoresis and transferred to a nylon membrane (Duralon-UV; Stratagene Inc., La Jolla, CA). All of the RNA samples from each cell line in both normoxic and hyperoxic conditions were analyzed on the same blot and sequentially hybridized with the different probes. Catalase mRNA transcripts were evaluated by hybridization of the membrane with a32P-labeled human catalase cDNA probe. Controls included evaluation of 18S ribosomal RNA (RNR-l 8S)' as a negative control, and of heat shock protein-70 (HSP-70) mRNA as a positive control of oxidant stress (14, 15) . Transcripts were quantified by use of a phosphorimager (Molecular Dynamics, Sunnyvale, CA). The human catalase cDNA (XhCAT-2) was provided by R. Hallewell (Chiron Corp., Emeryville, CA). The cDNA clone pH2.3 (ATCC 57495; American Type Culture Collection, Rockville, MD) was used for the HSP-70 probe, and the cDNA clone HHCSA65 (ATCC 77242) was used for the RNR-18S probe.
Catalase activity. Catalase activity was determined in the cell lines under conditions of normoxia (21% 02) and hyperoxia (85% 02, 48 h). The cells were lysed in lysis buffer (10 mM ethylenediaminetetraacetic acid, 2% Triton X, and 0.05% deoxycholic acid, in phosphate buffered saline, pH 7.4). Catalase activity was quantified by the method ofAebi (16) , in which H202 is reacted with the cell lysates. The initial rate ofdisappearance ofH202 (0-30 s) is measured spectrophotometrically at a wavelength of240 nm; 1 U ofcatalase activity is defined as the rate constant of the first order reaction using purified human erythrocyte catalase as a standard. Activity units for catalase were expressed as milliunits relative to total cell lysate protein (BCA protein assay reagent, Pierce Chemical Co., Rockford, IL).
Characterization of the 5'-flanking region of the human catalase gene. A 3.1-kb EcoRI DNA fragment containing 1.7 kb 5'-flanking region, exon 1, and 1.3 kb of intron 1 was isolated from a human chromosome 11-specific library (ATCC 57726), subcloned into pBluescript II SK+ (pPB390), and sequenced by the dideoxy chain termination method (17) . The sequence of 1.7 kb of the 5'-flanking region of the human catalase gene was compared with the 4.8-kb 5'flanking region of the rat catalase gene using DNASIS Homology Search program (HIBIO DNASIS; Hitachi Software Engineering America, Brisbane, CA). Transcriptional regulatory elements in the human 5'-flanking sequences were identified from the transcription factors database (18) using sequence analysis software (version 7.0; Genetics Computer Group, Madison, WI) (19) .
To identify the transcription start sites for the human catalase gene, primer extension analysis was performed using two different [7_32p]_ ATP (> 5000 Ci/mmol; Amersham Corp., Arlington Heights, IL) end-labeled antisense primers located in exon I (CAT-21 [5'-GCT-GCTCCTTCCAGTGCTGCATCT-3'] and CAT-24 [5'-TGTGCA-GAACACTGCAGGAGGC-3']). Briefly, 100 jig oftotal RNA was hybridized with 5 X I05 dpm ofCAT-21 and CAT-24, and incubated with Moloney murine leukemia virus reverse transcriptase (GIBCO BRL) and unlabeled nucleotide triphosphates. Primer extension products were then fractionated on denaturing polyacrylamide gels and evaluated by autoradiography (20) . Sl nuclease mapping for transcription start sites was performed using a 317-bp end-labeled single stranded probe. 100 ,ug of RNA extracted from BET-l A cells was hybridized with the probe and digested with SI nuclease following standard methods (21) .
Evaluation of promoter activity of catalase gene 5'-flanking sequences. Transfection vectors containing fusion genes of catalase gene 5'-flanking sequences and a luciferase reporter gene were constructed from a pUC8-derived vector (pCMV-luciferase) (22) . Sequentially de-1. Abbreviations used in this paper: AdCL, a replication-deficient AdSbased virus containing the human catalase cDNA; AdCFTR, an Ela-, partial Elb-, E13-, replication-deficient AdS-based adenovirus containing human cystic fibrosis conductance regulator cDNA; CAT, chloramphenicol acetyltransferase; HSP-70, heat shock protein-70; MTT, 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide; RNR-18S, ribosomal 18S RNA. leted fragments ofthe catalase gene 5 '-flanking region were prepared by polymerase chain reaction amplification with pPB390 as a template and substituted for the cytomegalovirus promoter in the pCMV-luciferase expression vector (21) . The Rous sarcoma virus-long terminal repeat promoter-luciferase construct (pRSVLuc) was used as a positive control (23) , and a promoterless luciferase plasmid as a negative control. HS-24 cells were cotransfected using N-[1 -(2,3-dioleoyloxyl)propyl]-N,N,N-trimethylammoniummethylsulfate (transfection reagent;
Boehringer Mannheim Corp., Indianapolis, IN) with 5 ,g ofeach luciferase expression plasmid vector and 2 Aig of a cytomegalovirus promoter-chloramphenicol acetyltransferase (CAT) expression plasmid as an internal control (22) . Cells were evaluated for luciferase activity after 48 h (23) . To evaluate luciferase activity in the context of exposure to hyperoxia, the cells were moved to an 85% oxygen chamber 24 h after transfection and incubated for a further 24 h. CAT activity was assayed with a two-phase fluor-diffusion assay (24) . Levels of luciferase expression by the various vectors were normalized by CAT activity and shown relative to the expression of pRSVLuc (defined as 100%).
Augmentation ofcatalase activity. In the context that the catalase gene is not upregulated by hyperoxia, it is rational to ask whether airway epithelial cells could be protected from hyperoxia if catalase amounts could be increased in the cell. To evaluate this, we used the recombinant adenovirus AdCL, an Ela-, E3-, replication-deficient AdS-based adenovirus containing the human catalase cDNA (25) , to transfer the catalase cDNA to the cells and to increase the production of intracellular catalase.
After HS-24 cells were grown to 60-70% confluence, they were infected with AdCL or as a negative control, AdCFTR (an Ela-, partial Elb-, E3-, replication-deficient Ad5-based adenovirus containing the human cystic fibrosis transmembrane conductance regulator cDNA [26] ) at 25 plaque-forming units/cell. As a further control, uninfected cells were evaluated in parallel. The cells were incubated for 30 min with medium-containing virus and 2% bovine calf serum, and then incubation was continued for 72 h after addition of medium with 10% bovine calf serum (27). To demonstrate that the AdCL vector transferred a functional catalase cDNA to the cells, catalase activity was measured in uninfected, AdCFTR-, or AdCL-infected HS-24 cells.
In parallel cultures, after 72 h of infection, cells were moved to a humidified hyperoxia chamber with 95% 02 and incubated for 72 h. The HS-24 cells were exposed to 95% 02 for this evaluation (instead of 85% 02 used in previous experiments) after initial studies had shown that 95% 02 placed a high oxidant stress on the cells with higher subsequent cell death. The viability ofthe cells was quantified by the 3-(4,5dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide cleavage assay (28). The amount of MTT reduced to its blue formazan derivative by viable cells during an additional 4 h of culture was quantified spectrophotometrically at 540 nm using an ELISA reader (Bio Rad Laboratories, Melville, NY.); there is a linear relationship between the formazan generated and the number of viable cells present (28). The fraction of cells surviving hyperoxic exposure was expressed as the ratio of the optical density at 540 nm (0D540) of cells incubated in 95% 02 compared to the OD540 of cells incubated in 21% 02-
Results
Effects ofhyperoxia on catalasegene expression. Northern analysis showed that both BET-lA and HS-24 cells expressed the catalase gene, with the expected 2.4-kb catalase mRNA transcripts detectable in both cell types (Fig. 1) . It was apparent from the autoradiograms that catalase mRNA transcripts decreased after exposure to 85% 02 for 48 h, whereas HSP-70 mRNA transcripts, used as a positive control to oxidant stress, markedly increased in both cell types. The ribosomal 18S RNA levels appeared constant in both cell types in response to hyperoxia.
Quantification of catalase and HSP-70 mRNA levels expressed as a ratio to the RNR-18S level, verified that there was a decline in the catalase mRNA levels with hyperoxia compared to normoxia, for both BET-1 A and HS-24 cells (P < 0.001) (all data are presented as mean±SE of the mean; all comparisons are made using the two-tailed Student's t test) (Fig. 2) . In marked contrast to the decline in catalase mRNA levels, the HSP-70 mRNA levels increased dramatically in response to hyperoxia, in HS-24 cells increasing by 208% (P < 0.02) and in BET-lA cells by 894% (P < 0.0001) for both cell types compared to normoxia. Consistent with this decrease of catalase mRNA levels in response to hyperoxia, the catalase activity in the HS-24 cells decreased (P < 0.001) and did not change in the BET-lA cells (P > 0.1) (Fig. 2) .
Sequence analysis of '-flanking region ofthe human catalase gene. Sequence analysis of 1.7 kb of the region 5 '-flanking to exon 1 of the human catalase gene demonstrated structural features typical of a housekeeping gene (29) . There was no TATA promoter element within 500 bp upstream ofthe translation start codon, but there were five CCAAT boxes (-1,207, -802, -297, -194, and -165), two inverted CCAAT box motifs (-203 and -115), and two Sp I binding sites (Fig. 3 ). The GC content in the 5'-flanking region of the catalase gene was high, representing 67% of all bases for the sequence within the 400 bp upstream from exon 1. Transcriptional factor search showed that there were no xenobiotic responsive elements (30) or antioxidant responsive elements (31) in the 5 '-flanking region of the human catalase gene, but four regulatory elements of possible relevance to catalase gene expression were found. First, the c-myc protein binding consensus sequence that has been demonstrated to have enhancer activity (TCTCTTA, -1,675 to -1,669) (32) . Second, a Pu box (GAGGAA, -708 to -703), an element activated by the oncogene-like protein Pu. 1 expressed in macrophages and B cell lines (33) . Third, the sequence INF.1 (AAGTGA, -629 to -624), which is an element able to upregulate (3-interferon gene expression in response to viral infection, although tandem repeats of this basic element are probably required (34) . Finally, in the 5' untranslated region a glucocorticoid response element (TGTTCT, -25 to -20) is present, which could possibly confer inducibility of catalase gene expression in response to steroids as has been demonstrated in animal studies (35, 36) .
Also consistent with the housekeeping nature ofthe human catalase 5'-flanking sequence (29) , primer extension analysis showed multiple transcription start sites in both BET-lA and HS-24 cells (-235, -167, -142, -115, -100, -80, -73, -68, and -61) with two major transcription start sites at -167 and -73 bp upstream from the translation start codon in exon 1 (Fig. 4) . Primer extension analysis with a second primer CAT-24 and Sl nuclease mapping showed the same results (not shown). A homology search comparing the 1.7-kb 5'-flanking and exon 1 sequences of the human catalase gene and 4.8 kb of the 5'-flanking and exon 1 of the rat catalase gene showed 49.1% identity in a 1,628-bp overlapping region.
Promoter activity of5'-flanking region ofthe catalase gene. Transfection studies of the HS-24 cells using fusion genes of 5'-flanking sequences of the catalase gene and a luciferase reporter gene showed that these 5'-flanking sequences had only low level promoter activity, representing < 3% of Rous sarcoma virus promoter activity for sequences from -84 to -1,579 ( Fig. 5 A) . In this regard, sequence containing 242 bp immediately 5' of the translation start codon had 71% of the highest activity of all constructs. There were only small increments with additional 5' sequence up to -1,579 bp from translation start codon.
After exposure to 85% 02 for 24 h, relative levels of reporter gene expression in transfected HS-24 cells were slightly decreased ( Fig. 5 B) . Further, the pattern of activity of the various 5'-flanking sequences was not changed compared to their activity in cells exposed to normoxia.
Protection ofHS-24 cells by AdCL. Catalase activity in uninfected and AdCFTR-infected HS-24 cells were similar (P > 0.1) ( Fig. 6 A) . In contrast, the catalase activity in AdCL-infected cells was increased markedly, with values 20-fold greater than both controls (P < 0.001). ATTCAACAAACTGTGGACTTTGGAGATGAACAGCTGAAGCTAGAATCCTGACTATCCCTTAATAGCTGTGTAACTTTGGGCAAGTTATTTAACCTCCCTA   TAC CTC TGT T iCCTAATCTGiA^AAATGAAG T AA TAT TAG AT CT AAC TC'ATAGGGTTGTTGGGAGGGTTAACTA GCAA^ATATACAAAA GC TGAGA AT   AGTCCTGGTATATAGTAAGTGCTCAATAAATTATGGATGGGAGGATCCTGACCCACATGGAGTTTACAGTCTTGGCAGTATGGATCGGGCAGGTAGAAAA  AGACACCAAATTACACAGCCAACAGCATCTTTATAATTGTTTTTAATATAGGAAAAGTATAGGGTGCTAAAGATCAATTTGTGGCTTTCTTTTCCAATGA   ACTGCTAAAGTTCCACTTTTATGCCCAAGATTCTTATCATACTTTTGTAAGATCAAGAACAACATGTGAAGTTTCCACTATTATATATCCACCCATTATA   TGTAGTTGTACTGGAAAAAATTAAAAGCTGATAACTTTTAATTTGAAGATGATGGTATATACTATGTATATATATTAAGGTGCTTAAAGATAAATCCTAG  CACCTGAGGAGGTGTAGAAATCAT TCAAAC TCT T TGAT TACAATGACAAAC TAGTCAGTAACT TACTAAAT AT TGTACTAT AT AT TACTAAGTAT T T TAC   TCTTCAACATAGCTTTTTAAAGACACAAAGCTTTTCAAAATTCCTGCTTACCTGGGGGTAAAATTTGGGGAAGCAGATTTCTCCAGTGTTTAAAGAAG . Nucleotide sequence of the 5'-flanking region of the human catalase gene. Nucleotide position + 1 is assigned to the A in ATG start codon and nucleotides 5' ofthe start codon given negative numbers. Of the 3.1 -kb sequenced 5' to intron 1, the nucleotide sequence from -1,762 to +66 is shown; the entire sequence has been submitted to GenBank (accession number Ll 3609). There are five CCAAT boxes (-1,207, -802, -297, -194 , and -165, indicated as a box) and two inverted CCAAT box motifs (-203 and -1 15, indicated as a wavy line). Two putative binding sites for the nuclear transcription factor Spl are indicated by the underlined GGGCGG core sequences at -382 and -139.
Consistent with these observations, when uninfected, control AdCFTR-infected or AdCL-infected HS-24 cells were exposed to 95% 02 for 3 d and their survival evaluated, it was clear that the relative proportion of viable cells after exposure to hyperoxia was increased in AdCL-infected cells (Fig. 6 B) . In this regard, the survival ofthe AdCL-infected cells was more than twofold greater than that of the uninfected cells (P < 0.001) and threefold greater than that of the AdCFTR-infected cells (P < 0.001).
Discussion
Based on the knowledge that airway epithelial catalase mRNA levels are very low in normal humans, and that they do not increase with exposure to high concentrations of inhaled 02 (10) , the present study evaluates one possible mechanism underlying the sensitivity of the airway epithelium to hyperoxia: that the expression ofthe catalase gene in human airway epithelium is not responsive to hyperoxia. The data show that human catalase mRNA expression and intracellular catalase activity are not upregulated in response to hyperoxia in human bronchial epithelial cell lines in vitro. Consistent with this concept, analysis of the 5'-flanking region of the human catalase gene showed that: (a) it has the characteristics of a "housekeeping" gene; (b) it is transcribed at low levels; and (c) it does not appear to have elements that upregulate the expression of the catalase gene in response to hyperoxia. These observations in human airway epithelium differ from that observed in rodents. In this regard, rat lung catalase mRNA expression is upregulated by hyperoxia in vivo in neonatal rats (36) and by ozone in adult rats (37) . Further, catalase mRNA levels are increased in hamster tracheal epithelial cells by exposure to H202 in vitro (38) . These observations are of interest in that the rat catalase gene has a similar structure to the human catalase gene, including the 5 '-flanking region with no TATA box, multiple CCAAT boxes, and GC-like boxes and multiple transcription start sites. In contrast to the human catalase gene, however, the rat catalase gene shows very strong promoter activity in vitro (39) . While the mechanism underlying the differences in catalase gene expression between human and rodent airway epithelium are not clear, these observations highlight differences in rodents and humans in response and susceptibility to hyperoxia.
The fact that the human catalase gene is not upregulated in human airway epithelium in response to hyperoxia suggests that the sensitivity of this cell type to hyperoxia might be lessened ifthe catalase levels could be increased. The present study demonstrates the feasibility of this concept by capitalizing on the ability of replication deficient recombinant adenovirus vectors to infect and transfer exogenous genes to airway epithelial cells (26, 40, 41 ) . In this context, infection of human airway epithelial cells with AdCL (a replication-deficient Ad5-based virus containing the human catalase cDNA), conveyed to the airway epithelial cells increased levels of catalase activity and parallel protection against hyperoxia. These results confirm the efficacy of adenovirus mediated transfer of the human catalase cDNA to increase the antioxidant protection of a variety of it is rational to consider in vivo transfer of the catalase cDNA using an adenovirus vector for potential protection of the airway epithelium against hyperoxia in clinical circumstances requiring inhalation of high concentrations of oxygen for extended periods.
